Abstract-High-current high-temperature superconducting (HTS) cables made from HTS CCs have widely potential applications in high magnetic field and superconducting power devices. In this paper, a design of quasi-isotropic HTS strand made from REBCO coated conductors (REBCO CCs) with geometrical symmetric configuration was put forward and a sample of the strand was fabricated. It mainly consists of 72 REBCO CCs, metal filler, and sheath. In order to study the anisotropy of critical current, the magnetic field distribution on the cross-section of the strand was simulated and the critical current of the strand in the selffield and in an external magnetic field were calculated by finite element method. The experimental results show the validity of the simulation model and the calculation method.
I. INTRODUCTION
W ITH development of superconducting technology and REBCO coated conductor, remarkable progress has been achieved in the mechanical and electromagnetic properties of the high temperature superconducting materials. Many companies such as SuNAM, AMSC, Furukawa, SWCC, Theva and Shanghai Superconductor have the ability to fabricate routinely kilometer-class high performing REBCO CC [1] - [3] . Comparing with other HTS materials, REBCO CC is low loss and high current-carrying [4] . The realization of the large-scale commercial production greatly promotes the application of the REBCO CC in HTS cable, transformer, current limiter, etc.
The high temperature superconducting (HTS) cables with high current capacity and high performance is expected to have widely potential applications. In order to meet the requirements of high current-carrying capacity in high magnetic field, weak critical current anisotropy, high mechanical strength, several large current carrying conductors are developed, for example, Roebel Assembled Coated Conductor (RACC), twisted stackedtape cable (TSTC), simple-stacking HTS tape conductor, compact conductor on round core(CORC) cables and some high current cables for fusion magnet [5] - [11] . In this paper, a design of HTS strand made from REBCO CCs with geometrical symmetric configuration was put forward. The strand includes the superconducting part, the filling material part and the sheath part. The structural feature of the HTS strand are introduced and the sample of HTS strand was fabricated. The magnetic field distribution on the cross-section of the strand was obtained by using the magnetic field simulation software. The critical current of the strand in self field and in external magnetic field were calculated by finite element method. The critical current experiment was carried on in self field and external field at 77 K temperature, respectively.
II. STRUCTURE OF A QUASI-ISOTROPIC HTS STRAND
The quasi-isotropic HTS strand has a geometrical symmetric configuration, as shown in Fig. 1 . It mainly consists of three parts, that is, the superconducting component, the filling material and the copper sheath components. The superconducting component locates in the center of the strand and consists of four sub-strand. Each of sub-strands was stacked by 18 parallel REBCO CCs. The total number of REBCO CCs of the strand is 72. The filling materials between superconducting component and copper sheath are aluminum foil and aluminum filler, which is to improve the thermal conductivity and mechanical properties. The copper sheath was used to wrap all of the superconducting part and the filling material part.
The REBCO CC used to prepare the strand is manufactured by Superpower, Inc., Furukawa Company. The main parameters of the REBCO CC are listed in Table I. According to the structure, a strand sample was prepared, as presented in Fig. 2 . The length of the sample is 520 mm and the diameter is 7.8 mm. In order to protect the strands and connect the current components, two ends of the strands are soldered with the copper cups.
III. SIMULATION AND CALCULATION

A. Magnetic Field Simulation of the Strand
The model of HTS strand is established using the magnetic field simulation software Ansoft Maxwell according to the actual sizes and material. The magnetic field distribution was obtained, Fig. 3 depicts the magnetic field distribution while the carrying current of the strand is 2 kA. As shown in Fig. 3 , the magnetic field magnitudes and orientations of each position in each REBCO CC can be obtained by the simulation. The magnetic field in the center of the strand is offset and the magnetic field around the strand is central symmetry.
B. Calculation of the Critical Current
The REBCO CC in the strand carries transport current, while it is simultaneously exposed to the magnetic field with different magnitudes and orientations created by other REBCO CCs in the strand. The REBCO CC is a typical non-ideal superconductor with strong anisotropy, that is, the critical current of the REBCO CC not only depends on magnitude of magnetic field but also on its orientation.
Although there are many critical current models of the first generation HTS tapes, however, there are less critical current models of REBCO CC except for a few of empirical formulae. In order to improve the accuracy of the calculation, the data fitting and interpolation method are often proposed. The critical current of the REBCO CCs at different magnetic field and different angles were measured by experiment at 77 K. According to the conventional criterion 1 μV/cm, the results are displayed in Fig. 4 . Then the data were fitted by MATLAB software to interpolation calculation. By fitting interpolation of the software, the critical current of the REBCO CC under arbitrary orientations and magnetic field can be obtained. Then the obtained data can be used to calculate the critical current of the strand.
As shown in Fig. 5 , a rectangular coordinate system of the section of the strand is established. The angle between the external field and the X axis is defined as the angle between the field and the superconducting strand.
The REBCO CCs of the strand are divided into smaller element. Each element is under the magnetic field of other REBCO CCs. The magnetic field magnitudes and orientations of each element are considered, then the critical current of each element is obtained by the fitting interpolation model.
The critical current of the strand is the sum of the critical current of each element. The critical current of the strand with different angle and amplitude can be calculated. Consequently, the critical current of strand in self-field and 77 K is predicted to be 2380 A. Due to the strand is the center symmetric structure, it is only necessary to study the change of the external field in the 0 to 90 degrees.
In the Fig. 6 , the critical current of the strand is decreased gradually with the increase of the magnetic field orientation from 0 degrees to 45 degrees. While the field changes from 45 degrees to 90 degrees, the strand critical current is increased. While the magnetic field is low (less than 400 mT), the critical current of the strand has little change with the change of magnetic field orientation. While the magnetic field strength is high, the critical current of the strand changes obviously with the orientation of the magnetic field varies.
As shown in Fig. 7 with the increase of the amplitude of the magnetic field, the difference of the critical current is increased. When the magnetic field intensity is 100 mT, the difference of maximum value of the critical current and the minimum value is only 0.5%. The difference of maximum value of the critical current and the minimum value is only 10% when the maximum magnetic field is 900 mT. The relationship of critical current and magnetic field with different field orientations is shown in Fig. 8 . The curves of 0 degree and 90 degrees, the curves of 15 degree and 75 degree, the curves of 30 degree and 60 degree are respectively coincidence. At the same magnetic field, critical current versus magnetic field angle curve is symmetry about 45 degree. The critical current decreases with the increase of magnetic field amplitude, and when the magnetic field intensity is small (less than 200 mT) and critical current decay more slowly, with a further increase in the magnetic field amplitude, the critical current decay rate gradually increased.
IV. EXPERIMENTS AND DISCUSSIONS
The strand was tested at 77 K in self field and external field respectively. The critical current of the sample in self field was tested by the conventional four-probe method at 77 K. According to the conventional criterion 1 μV/cm, the critical current is 2276 A, which is less than 4.5% of the calculated result 2380 A. In order to test the critical current in the external field, the strand is placed in the air gap of a magnet. In Fig. 9 , the strand is arranged in the external field of the magnet. The external magnetic field can be regulated by changing the current of the magnet. The angle between magnetic field and strand is changed by rotating the strand. Fig. 10 shows the measured critical current and simulation results of the strand when the angle is 0 degree, which are compared with the critical current of the REBCO CC. As can be seen from the graph, the experimental results are in agreement with the simulation results. From the contrast it can be seen that the attenuation of critical current of strand is smaller than that of the REBCO CC. The field dependence of the strand is lower than the REBCO CC. At the 700 mT and in perpendicular and parallel field, the critical current of REBCO CC respectively decrease the 76% and 58%, degradation rate of the strand is 22.9%.
Experiments of the critical current with various orientations and amplitude of external magnetic field were carried out. The angle between the magnetic field and the strand changes from 0 degree to 90 degree and the amplitude of the changes from 100 mT to 700 mT. The results are shown in Fig. 11 . The experimental results are the same as the simulation results, the curve of critical current in the external field of the strand is symmetrical about 45 degree. With the angle changing from 0 degree to 45 degree, the critical current decreases with the increase of the angle. When angle is from 45 to 90, the critical current increases with the increase of the angle. In the case of low magnetic field, the critical current of the strand change few, and the different of maximum value and minimum value is 1.2%. That shows that the strand is isotropic in the weak magnetic field. When the magnetic field increases, the critical current of strand changes with the increase of angle. At the field of 300 mT, the difference of maximum value and the minimum value is 7.1%. At 700 mT, the difference of maximum value and minimum value is 12%, which show the strand in a strong magnetic field have weak anisotropy.
V. CONCLUSION
In this paper, a quasi-isotropic HTS strand consist of ReBCO CCs metal filler and metal sheath was designed and fabricated. The magnetic field distribution of the cross-section of the quasiisotropic HTS strand was simulated. The critical current of the strand in self field and in external magnetic field were calculated by finite element method and the fitting interpolation model according to electromagnetic properties of ReBCO CC. The experiments of the critical current of the strand with various orientations and amplitudes of the external magnetic field are carried out. The critical current in self-filed is 2276 A, which is less than 4.5% of the calculated result 2380 A. The experimental results of critical current in external magnetic field are in agreement with the simulation results. The result shows the strand has very high current-carrying capacity and the simulation model and the calculation method is valid. The field dependence of the strand is lower than the REBCO CC. The strand is isotropic in the weak magnetic field and the strand have weak anisotropy in strong external magnetic field.
